grapheme-color synesthesia as well as of other modalities of the phenomenon.
Introduction
Synesthesia-from the ancient Greek σύν (syn), "together," and αϊσθησις (aisthēsis), "sensation"-is a perceptual phenomenon "in which stimulation in one sensory or cognitive stream leads to associated experiences in a second, unstimulated stream" (Hubbard 2007 ). Neurocognitive models (Hubbard 2007) postulate the existence of an unusual communication between modality-specific brain areas, that is, the regions implicated in the processing of the inducing stimuli and the appearance of the synesthetic concurrents. In the literature, the nature of such unusual communication is explained by different models which are presented as either direct or indirect, and/or anatomical or functional (see the taxonomy of candidate neural mechanisms: Bargary and Mitchell 2008) . Recently, on the basis of empirical evidence, an updated and integrative model, namely the cascaded cross-tuning model, has been proposed (Hubbard et al. 2011) . However, the underlying neural mechanisms of synesthesia remain controversial, and new empirical information is needed to shed light on this question.
The first studies on the neuroanatomy of synesthesia assessed differences in connectivity (Rouw and Scholte 2007) , cortical volume (Rouw and Scholte 2010; Weiss and Fink 2009 ) and both of the latter combined with the analysis of cortical thickness and cortical surface area (Jäncke et al. 2009 ). These studies, performed in grapheme-color synesthetes, used whole-brain and/or region of interest (ROI) analyses (Weiss and Fink 2009) , and they paid special attention to two specific areas. The first area is the fusiform gyrus (FG) where hV4 lies. The color-selective area has shown differential activation in some grapheme-color functional experiments (Hubbard et al. 2005; Sperling et al. 2006; van Leeuwen et al. 2011; Specht and Laeng 2011) , but not in others (Hupé et al. 2011; Rich et al. 2006; Scholte 2007, 2010; Weiss et al. 2005) . The other focus of interest for anatomical investigation has been the intraparietal sulcus (IPS), which is believed to mediate the hyperbinding of the inducer (e.g., a grapheme) and the concurrent (e.g., one specific color). The left IPS has shown differential activation in grapheme-color functional studies (van Leeuwen et al. 2011; Weiss et al. 2005) , whereas stimulation of the right IPS with transcranial magnetic stimulation (TMS) resulted in the disruption of the Synesthetic Stroop Effect (Esterman et al. 2007; Muggleton et al. 2007; Rothen et al. 2010) . Regarding neuroanatomical data, only 2 out of 4 studies of gray matter (GM) reported variations in the FG (Jäncke et al. 2009; Weiss and Fink 2009) and/ or the IPS (Rouw and Scholte 2010; Weiss and Fink 2009) (for a summary of published data on the neuroanatomy of developmental grapheme-color synesthesia, see Supplementary Material -Introduction: Table 1 ). In regard to white matter (WM) alterations, higher fractional anisotropy in the inferior temporal and left parietal areas has appeared only once (Rouw and Scholte 2007) .
Nevertheless, these grapheme-color anatomical studies reported results not only in the FG and the IPS, but also in other areas (Supplementary Material -Introduction: Table 1 ). Additionally, a recent paper on grapheme-color anatomical peculiarities (gray and white matter volume) applied FWE correction for multiple comparisons and reported increased white matter volume in the retrosplenial cortex and the superior temporal sulcus only (Hupé et al. 2011) . This can be due to the fact that the authors used a different method of analysis. Different analyses of white matter (FA vs. volume) provide different information about its structure (highly directional diffusion vs. higher density of connectivity fibers, respectively). Thus, both white matter volume results (Hupé et al. 2011) and FA data (Jäncke et al. 2009; Rouw and Scholte 2007) are informative in synesthesia research, and the combination of both (Hänggi et al. 2008 ) increases the detection power of anatomical studies (Gazdzinski et al. 2010) . Moreover, another type of data analysis, based on connectivity matrices derived from region-wise cortical thickness correlations, has demonstrated widespread connectivity alterations in graphemecolor synesthetes (Hänggi et al. 2011) .
Given this new empirical evidence, a whole-brain approach is still necessary to investigate the neuroanatomical basis of grapheme-color synesthesia. Firstly, because empirical results are not consistent enough to define the FG and the IPS as the only relevant areas of the synesthetic brain. Secondly, because these regions are defined over models that focus attention mainly on the modality-specific and top-down aspects of synesthesia, they do not take into account either subcortical contributions or other components of the experience, even though they are both justified and complementary lines of research.
The emotional component of synesthesia Emotion is one of the components of synesthesia (Cytowic 2002 ) whose importance becomes more evident when the phenomenon is analyzed as a whole. This idea is supported by (a) the early associative theories which rely on the usefulness and pleasantness of the experience (Calkins 1895) (b) the claims about the emotional component of synesthesia (Cytowic and Eagleman 2009 ) (c) the idea that some types of synesthesia are emotionally mediated (Ward 2004 ) (d) the emotional displeasure provoked by incongruently 1 3 colored graphemes (Ramachandran and Hubbard 2001b ) (e) the behavioral evidence about synesthetically elicited affective reactions in grapheme-color synesthetes (Callejas et al. 2007 ) (f) the hypotheses about the hyperconnectivity between limbic and extra-striate regions (Ramachandran and Hubbard 2001a ) (g) the neuroimaging evidence of unusual activity in the retrosplenial cortex (Nunn et al. 2002; Weiss et al. 2001 ) and the insula (Niccolai et al. 2012; Sperling et al. 2006; Specht and Laeng 2011 ) (h) the neuroanatomical evidence of variations in the cingulate gyrus, orbitofrontal cortex, insula (Jäncke et al. 2009 ) and the retrosplenial cortex (Hupé et al. 2011 ) and, last, but not least, (i) the synesthetes' accounts of their own experience. Despite the relevance of these claims, at present emotion is still not fully integrated in explanatory neurocognitive models.
This paper aims to disentangle the neural basis of the emotional component of grapheme-color synesthesia. Since the emotional processing recruits several neuronal circuits, the whole brain is analyzed. As described above, several cortical areas related to emotion have shown anatomical (Hupé et al. 2011; Jäncke et al. 2009 ) and functional (Nunn et al. 2002; Sperling et al. 2006; Specht and Laeng 2011; Weiss et al. 2001 ) peculiarities previously. Nevertheless, subcortical contributions are also relevant to complete the neuroemotional landscape, as we explain below.
Subcortical contributions to developmental synesthesia
The subcortical contribution to developmental synesthesia is still uncertain. However, empirical evidence regarding this matter can be found in a previous anatomical study. This was carried out on a multiple synesthete that exhibited interval-taste and tone color synesthesia. The authors reported increased gray matter volume in the synesthete's bilateral thalamus and the right nucleus accumbens (Hänggi et al. 2008 ). There also exist theoretical reasons to pay attention to subcortical structures. Luria suggested that an overactivation of subcortical structures together with a decreased cortical activity could result in synesthetic experiences (Luria 2006) . In the same vein, more recently, the oscillatory resonance supervenience model (ORS) (Sidoroff-Dorso 2012), following the neurodynamical perspective (Thompson and Varela 2001) , postulates the existence of a large-scale coherent oscillatory network that includes deep brain regions and can explain several dimensions of the synesthetic experience. Empirical evidence from acquired synesthesia supports this subcortical contribution hypothesis. Naumer and van den Bosch (2009) analyzed a paper that investigated synesthetic experiences after thalamic lesion (Beauchamp and Ro 2008) and remarked that alterations in thalamocortical projections contribute to the appearance of unusual multisensory integration phenomena (i.e., synesthesia). Furthermore, a recent publication (Fornazzari et al. 2011 ) has reported a case of acquired synesthesia after thalamic stroke, including not only sensory manifestations (sound-tactile, sound-color, graphemegustatory) but also concept-triggered modalities. Moreover, a recent functional experiment about developmental grapheme-color synesthesia has shown unusual bilateral thalamic activation (Specht and Laeng 2011) . Interestingly, recent evidence suggests that the thalamus and the basal ganglia may play a role in emotion (Carretie et al. 2009; Lane et al. 1997; Zeki and Romaya 2008) . Therefore, the anatomy of subcortical structures is relevant to wholly understand the emotional component of synesthesia.
In this context, this study has investigated the grapheme-color synesthetic brain. To achieve this aim, 3T MRI whole-brain analyses were performed. 3D-T1-weighted and diffusion tensor images (DTI) were acquired from 8 grapheme-color synesthetes and 6 matched controls. The diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL) method, which allows for more advanced coregistration (Ashburner 2007 ), provided a reliable definition of intergroup variability. Different anatomical indexes, including gray and white matter volume and fractional anisotropy (FA) analyses, were measured to draw a complete picture of the synesthetic brain. Subsequently, whole-brain results (including those found in deep brain structures) are discussed to better understand their contribution to the emotional component emphasized above.
Methods

Participants
Eight synesthetes and six controls matched for age (synesthetes' mean age = 24.88 ± 3.44; controls' mean age = 25.17 ± 4.8), sex (synesthetes: 7 women and 1 man; controls: 5 women and 1 men), handedness and education participated in this study. They had all completed the Synesthesia Battery grapheme-color task (Eagleman et al. 2007) . Those who got punctuations between 0 and 1 were classified as synesthetes and only those who got punctuation well above 2 were selected as controls, in order to verify that there were no synesthetic experiences at all nor consistency. All control participants affirmed that they never experienced any of the synesthesias described in the battery. The participants had neither history of neurological, neurophysiological nor psychiatric disease and none of them reported drug abuse. They all had normal or corrected-to-normal visual acuity. Subjects were informed about the purpose of the investigation before the experimental session and signed a consent form according to the Declaration of Helsinki (for a detailed description of the sample, see Supplementary Material -Methods -Participants).
Magnetic resonance imaging (MRI) data acquisition
All images were acquired on a 3.0 T Signa HDx scanner (GE Healthcare, Waukesha, WI). A 3D-T1-weighted gradient echo volume and a diffusion-weighted volume were acquired for each subject. The 3D-T1-weighted acquisitions parameters were as follows: TE = 3.2 ms, TR = 7.2 ms, TI = 750 ms, flip-angle = 12º, slice thickness = 1 mm, with no gap between slices, acquisition voxel size = 0.83 × 0.83 × 1 mm, FoV = 240 mm and sagittal acquisition with 154 slices. The diffusion-weighted image protocol acquisition consisted of one image without diffusion gradients (b = 0 s/mm 2 ) followed by 15 images measured with 15 directions (b = 1,000 s/mm 2 ) isotropically distributed in space. Additional parameters of the acquisition were as follows: TE = 90 ms, TR = 9835 ms, flip-angle = 90º, slice thickness = 3 mm, gap between slices = 0.3 mm, acquisition voxel size = 1.875 × 1.875 × 3 mm, FoV = 240 mm and axial acquisition with 36 slices.
3D-T1-weighted image pre-processing
The anatomical 3D data were processed using SPM8
(Statistical Parametric Mapping, Wellcome Department of Cognitive Neurology, University College of London, UK).
First of all, the MR images were segmented into GM, WM and cerebrospinal fluid (CSF) using the standard unified segmentation model (Ashburner and Friston 2005) . Second, the SPM8 toolbox named DARTEL (Ashburner 2007) was used to generate a template for GM and WM. Only the control group was used to create this template, given that control-created templates can provide greater detection accuracy than those that include all subjects, even when this control group is small (Shen et al. 2007 ). GM and WM segmented images were registered and normalized to the template using diffeomorphisms (Singh et al. 2012) . This method improves the image registration, which results in a better localization and increased sensitivity in analysis (Li et al. 2010) . Modulation was applied to correct voxel signal intensity for volume displacement during normalization (Good et al. 2001 ). Given our interest in subcortical regions and our nonparametric approach (Nichols and Holmes 2002) , the images were smoothed with a narrow 4 × 4 × 4 mm FWHM Gaussian kernel to improve the signal-to-noise ratio and to avoid partial volume effects but preserving the morphological details. These registered, normalized, modulated and smoothed images were used in the statistical analysis.
Diffusion tensor image pre-processing An analysis of diffusion tensor images was performed to investigate possible differences in fractional anisotropy. A FA map was calculated using Functool software (GE 4.3. Advantage Windows WS), correcting the images for head motion and eddy current artifacts. First, the b = 0 images were registered to the T2 template, included in the SPM8 package. The spatial transformation was applied to the FA maps. After that, the b = 0 images of the control group were normalized to the T2 template. The spatial transformation was again applied to the FA maps. These normalized FA maps were smoothed with a 4 × 4 × 4 mm FWHM Gaussian kernel to minimize partial volume effect and averaged to create a FA template from the control group. Finally, every initially registered FA map was normalized to the FA template and smoothed with a 4 × 4 × 4 mm FWHM Gaussian kernel. This normalized and smoothed images were used to perform the voxel-based analysis (Kunimatsu et al. 2007 ).
Statistical analysis
Statistical analysis was performed using the Statistical nonParametric Mapping toolbox (SnPM: Nichols and Holmes 2002) , which is more suitable for designs with low degrees of freedom available for variance estimation. It uses the general linear model (GLM) to construct the pseudo-t-statistics images. These images were used to study intergroup differences in each tissue (GM and WM), as well as in FA.
The statistical test used to compare the different groups was a 2-sample t test applied to nonparametric analysis (Nichols and Holmes 2002) . Age, gender and intracranial volume were introduced as confounding covariates for the analysis. Whole-brain analyses (synesthetes > controls) were performed, with a threshold of p unc < .001. In the case of subcortical data, the inverse contrast (controls > synesthetes; p unc < .001) was also analyzed, to test the relation between synesthesia acquired after lesion and developmental synesthesia. To explore the areas described by other authors (see Supplementary Material -Introduction: Table 1 ) and to minimize the risk of losing information due to individual differences in the synesthetes studied by different researchers (Rouw and Scholte 2010) , a less strict threshold (p unc < .01) was applied. The statistical threshold was lowered (whole-brain analysis; p unc < .01) in order to perform this comparison, and every coordinate reported in Table 1 (Supplementary Material -Introduction) was tested (distance criterion < 8 mm). The final SnPM images were superimposed on a T1 template or a FA template with MRIcrogl software. Anatomical identification was performed via XjView 8 (http://www.alivelearn.net/xjview8/) and the anatomy toolbox by Eickhoff et al. (2005) . The Oxford Thalamic Connectivity Probability Atlas was used for the identification of areas of the cortex where thalamic nucleus project (Johansen-Berg et al. 2005 ). In addition, for the labeling of anatomical results, the neuroanatomy atlases by Haines (2011) and Nolte and Angevine (2007) were consulted.
Results
Whole-brain analysis revealed anatomical peculiarities mainly within the left hemisphere of the synesthetic brain, though some results appeared also on the right hemisphere. Table 1 shows areas of the brain where synesthetes exhibit increased volume and higher FA values.
Emotional areas
Several regions where synesthetes present higher gray and/ or white matter volume and/or higher fractional anisotropy values are related to emotion (Fig. 1) . Increased gray matter volume (p unc < .001) was observed in the synesthetes' left parahippocampal gyrus, when compared with the control group. In the case of white matter volume, variations appeared in the right temporal pole (p unc < .001). FA differences were observed in the white matter underlying the right anterior insula and the cingulate gyrus (p unc < .001).
Subcortical areas
Synesthetes showed increased gray matter volume in the left putamen (p unc < .001). Given the empirical evidence that describes the appearance of synesthetic experiences as a consequence of thalamic lesion, and to understand the relation between acquired and developmental synesthesia, the inverse contrast (controls > synesthetes; p unc < .001) was also analyzed. Using this threshold, a great cluster of thalamic results appeared. To understand the location of these thalamic variations, a stricter threshold was applied (p unc < .0001). Interestingly, controls still showed significant increased white matter volume (Fig. 2a) and increased FA values (Fig. 2b ) in the thalamus (Table 2 ).
The canonical regions of interest
The whole-brain analysis (p unc < .001) did not reveal any significant difference in the canonical regions of interest (i.e., FG and/or the IPS). To test the gray matter similarities between the participant grapheme-color synesthetes in this study and previous studies, the areas reported in previous research (Jäncke et al. 2009; Rouw and Scholte 2010; Weiss and Fink 2009) were explored using a less strict threshold, as has been done to compare results from different studies previously (Jäncke et al. 2009 ). A new whole-brain analysis (p unc < .01) was performed, and every region reported in Table 1 (Supplementary Material -Introduction) was explored (distance criterion < 8 mm). Significant gray matter differences (p unc < .01; synesthetes > controls) were observed only in the vicinity of the region described by Weiss et al. (2009) as the left caudal IPS. The anatomy toolbox by Eickhoff et al. (2005) suggests that our significant cluster is located near the left intraparietal area (hIP3) (Supplementary Material -Results: Figure 1 ). The same procedure was followed to investigate white matter volume and FA data. No differences in grapheme and/or color FG areas or posterior IPS regions were found.
Discussion
Synesthesia is a conscious perceptual phenomenon with a neurocognitive basis. Functional and anatomical studies have provided evidence on the perceptual reality of the experience, showing that relevant areas of the brain for the processing of the inducer and the concurrent, as well as higher order regions, could take part in its generation. Given the existence of empirical and phenomenological evidence about the emotional component of synesthesia, this study has investigated both cortical and subcortical structures in order to disentangle the underlying neural network which supports it.
Synesthesia and emotion
As described above, there exists theoretical, empirical and phenomenological reason to look for the neuroemotional basis of synesthesia. Several areas reported in studies of synesthesia have been also described as "the most frequent regional activations reported in 51 emotion-related experiments from 25 publications" (Maddock 1999) . For example, the cingulate gyrus has appeared repeatedly in functional (Nunn et al. 2002; Weiss et al. 2001 ) and anatomical (Hupé et al. 2011) research. The finding of increases of white matter volume in the retrosplenial cortex (RSC) bilaterally, and the absence of significant results in color areas, led Hupé et al. (2011) to reconsider the nature of the synesthetic color. They hypothesized that this area contributes to bind visual attributes to emotion and memories to create meaningful connections. Having in mind the role of the RSC in the processing of emotionally salient stimuli (Maddock 1999) , they suggest that meaning itself, not color, is the relevant feature of synesthetic associations and redefined these associations as "memorized (arbitrary and idiosyncratic) associations loaded with emotional content" (Hupé et al. 2011 ).
The anatomical results presented here provide new insight into this question. Our finding in the cingulate cortex is more rostrally located (anterior cingulate gyrus (ACG)/Brodmann's Area 24). Interestingly, this area participates in the integration of attentional and emotional networks (Fichtenholtz et al. 2004; Lane et al. 1997; Yamasaki et al. 2002) and is connected to the middle frontal gyrus (MdFG) (Koski and Paus 2000) . The grapheme-color synesthetes who took part in our study show variations in this area (MdFG), both increases in gray matter volume (replicating the finding of Rouw and Scholte 2010) and higher FA values. This region has also shown unusual activity during synesthetic tasks previously (Rouw and Scholte 2007; Specht and Laeng 2011) . Other authors have interpreted the unusual activation of MdFG as a component of the attentional and/or perceptual networks that could give rise to synesthetic experiences (Specht and Laeng 2011) . Since this area also participates in top-down emotional processing (Ochsner et al. 2009 ), and given its connections to the ACG, variations in both areas are interpreted here as part of the emotional network that could be at the root of synesthetic experiences.
Other variations reported here support the existence of this peculiar emotional network. The insula has appeared repeatedly in functional (Sperling et al. 2006; Specht and Laeng 2011) and anatomical (Jäncke et al. 2009 ) grapheme-color research, and its anterior part has shown higher FA values in our sample. This area participates in taste and smell but also in sensoriomotor and cognitive tasks and in social-emotional processing (Kurth et al. 2010) . These same authors found that its anterior part works as a functional integrator for different functional systems, so we suggest that it could be a central area in the integration processes that contributes to the appearance of synesthetic experiences in general, not only in the grapheme-color modality. The pattern of connectivity of this area also supports this hypothesis. The anterior insula projects to the pregenual ACG (Taylor et al. 2009 ), and it is strongly connected to the amygdala complex (Mufson et al. 1981 ). The present study has also reported significant results in the vicinity of the amygdala complex. Specifically, our sample shows increased gray and white matter volume in the parahippocampal gyrus and the temporal pole, respectively. The role of the temporal pole (TP) in the emotional processing of visual, olfactory and auditory stimuli and its proposed general function in the coupling of emotional responses to highly processed perceptual inputs (Olson et al. 2007 ) make plausible its contribution to the cognitive-emotional network that could underlie synesthetic integration.
Though all these regions could be implicated in other cognitive processes (i.e., attention, memory and conscious perception), there is no reason to discard their emotional contribution to grapheme-color synesthesia. The facts that they are interconnected and belong to emotional networks, argue for their relevance in the generation of synesthetic experiences. Nevertheless, further functional research is needed to discern their specific contribution to synesthesia. Synesthesia and subcortical gray nuclei As described above, theoretical models and empirical evidence support the idea that thalamic variations could account for unusual activity in cortical areas (i.e., synesthetic experiences). Thalamic alterations have not been reported in any anatomical study of developmental grapheme-color synesthesia previously. Thus, for the first time, this work provides evidence of decreased white matter volume and FA around the thalamus in grapheme-color synesthetes. This variation could be interpreted as a lower degree of connectivity between the thalamus and the cortex that leads to unusual connectivity patterns (e.g., inter/intra sensory pathways) which crystallize in different sensory manifestations (e.g., grapheme-color synesthesia). This finding is consistent with the described empirical evidence about thalamic lesions leading to synesthesia (Beauchamp and Ro
3
2008; Fornazzari et al. 2011; Naumer and van den Bosch 2009) , bearing in mind that developmental synesthesia is not usually associated with sensory deficit. In our sample, lower values of white matter volume and FA were found in several thalamic nuclei. The Oxford Thalamic Connectivity Probability Atlas reveals that these nuclei where decreased white matter volume and lower FA values appear project mainly to the temporal and posterior parietal cortex. Only one study of synesthesia (in a multiple synesthete nonincluding grapheme-color synesthesia) reported anatomical variations in the thalamic nuclei (Hänggi et al. 2008 ). Curiously, their results (increased gray matter volume in the thalamus of synesthetes) appear in nuclei that project to these same locations (temporal and posterior parietal cortex). Therefore, empirical data suggest that subcortical structures participate in synesthesia, but functional experiments and further anatomical research, which analyze thalamic variations and its projections to cortical areas, are needed to understand the role that subcortical structures play in synesthesia.
Subcortical variations appear also in the basal ganglia. Increased gray matter volume was found in the left putamen in the synesthetic group, a result that also fits with an emotional explanation. As mentioned above, putamen is one of the areas of the brain which appears repeatedly in emotion-related experiments (Maddock 1999) . Furthermore, this basal ganglion has been described as part of the hate circuit (Zeki and Romaya 2008) , and it contributes to the pattern of activation that arises when studying the neural correlates of romantic love (Bartels and Zeki 2000) .
The canonical regions of interest
As described in the Introduction section, there has been a tendency to look for anatomical variations in specific locations of the synesthetic brain, namely the FG and the IPS. The results presented here show no variations in the grapheme and color processing areas of the FG. Therefore, including the present work, 3 out of 5 structural analyses of gray matter (Hupé et al. 2011; Rouw and Scholte 2010) and 3 out of 4 structural studies on white matter (Hupé et al. 2011; Jäncke et al. 2009 ) failed to find alterations in this area in grapheme-color synesthetes. Given these results, and the inconsistent data of differential activation of V4 described in the Introduction section, there is not enough evidence to conclude that anatomical variations in modality-specific areas of the cortex are necessary to understand grapheme-color synesthesia. Regarding parietal areas, our synesthetic participants showed increased cortical volume in the left IPS replicating previous anatomical Scholte 2007, 2010; Weiss and Fink 2009 ) and functional results (van Leeuwen et al. 2011; Weiss et al. 2005) . Parietal variations were also described by Jäncke et al. (2009) although in a different location (right precuneus). Thus, 5 out of 6 neuroanatomical studies on developmental grapheme-color synesthesia report parietal results. Given this state of affairs and TMS evidence (Esterman et al. 2007; Muggleton et al. 2007; Rothen et al. 2010) , parietal results are consistent enough to define this region (IPS) as a crucial area in grapheme-color synesthesia.
Though neuroanatomical variations seem to be consistently present in different samples of synesthetes, the debate on how these alterations appear remains open. Some authors suggest that the existence of a structural basis is necessary to understand the functional dynamics of synesthesia; this anatomical extraconnectivity may be the result of a heritable defective pruning (Ramachandran and Hubbard 2001a) . Indeed, this incomplete apoptosis could contribute to the maintenance of intrinsic intersensory pathways that exists in early childhood (Spector and Maurer 2009 ). An alternative explanation is that these unusual pathways are the consequence of synesthetic experiences (Jäncke et al. 2009; Weiss and Fink 2009) . Given that gray matter volume changes in the human adults' brain as a result of short periods of training have been demonstrated (Kwok et al. 2011) , and that brain dynamics are claimed to promote neuroanatomical self-organization (Rubinov et al. 2009 ), the interpretation of synesthetic anatomical peculiarities as a result of repetitive intersensory coupling is not implausible. In this case, functional imbalance would be responsible for structural variations. When considered from a dynamical perspective, this is not an all or none problem. The existence of a structurally different emotional network could elicit a functional imbalance that crystallizes in functional variations in different sensory systems, eliciting specific types of synesthesia. Indeed, the information obtained from the use of different structural measures of the brain points in this direction. The existence of alterations in deep brain structures, both in gray matter (e.g., increased gray matter volume in the putamen) and white matter (e.g., decreased white matter volume and FA values in the thalamus) suggests that synesthesia does not depend only on cortical networks. This, together with (a) macrostructural variations (i.e., increased volume) in the parahippocampal gyrus (gray matter) and the temporal pole (white matter), which complement each other, (b) microstructural white matter findings (i. e., higher FA values), which reveal higher directionality of the fibers in the insula, anterior cingulate and middle frontal areas and (c) the absence of variations in modality-specific areas, reinforce the crucial role of other networks (e.g., emotional networks) in graphemecolor synesthesia.
It is certainly difficult to determine the causes for the existence of an unusually interconnected emotional network that we could call Emotional Binding System. However, this emotional hypothesis is consistent with the neurochemical one. The psychopharmacology of synesthesia remains unknown, but the receptor S2a, and thus, the serotonin system has been claimed to be a good candidate to mediate synesthetic experiences (Brang and Ramachandran 2008) . Serotonin is implicated in early stages of the nervous system development as well as in adult plasticity (Whitaker-Azmitia 2010), and therefore, physiological differences in this neurotransmitter system could contribute to the appearance of structural peculiarities in the synesthetic brain, including the neural circuits and brain structures involved in emotions. Future large-scale research assessing the emotional characteristics of synesthetes (not only in relation to synesthesia but to perception in general) will help clarify the relevance of the emotional component in the generation of unusual functioning of the sensory systems.
This study is no exception in having limitations. The first limitation has to do with the lack of a quantitative measure of the strength and valence of the emotional characteristics of our participants' synesthesia. Though the emotional strength of grapheme-color synesthesia has been described in the literature previously (Callejas et al. 2007 ), behavioral measures of the emotional component of synesthesia are still necessary to interpret these anatomical data and fully account for the emotional binding hypothesis. The second limitation concerns the sample size. Though this limitation has been minimized with the nonparametric statistical approach, it affects the extent to which the findings can be generalized beyond the cases studied. Nonetheless, results from small synesthetic samples (e.g., Hubbard et al. 2005 =6 synesthetes; Brang and Ramachandran 2008 =4 synesthetes) constitute the seed to explore new dimensions of synesthesia and thus go further in our understanding of the phenomenon. The third limitation is that none of our results survived correction for multiple comparisons, which is a common tendency in synesthesia studies (see Supplementary Material -Introduction: Table 1 ). In our case, both the use of an alternative statistical approach (nonparametric tests, given the size of our sample) and the finding of significant results even with a small spatial filter (4 mm), that is less likely to give significant results (Jones et al. 2005) , account for the reliability of the reported data. Despite these limitations and other possible artifacts arising from methodological constraints, the combination of VBM and DTI has provided accurate information about the nature of gray and white matter in the brain of synesthetes and has revealed structural data that are relevant to find a bridge between developmental and acquired synesthesia.
In summary, our results are consistent with previous anatomical research in one of the canonical regions of interest (IPS) and, as we expected, reveal the existence of variations in emotion-related areas of the synesthetic brain. Additionally, increased gray matter volume in the putamen and lower FA and white matter volume in the thalamus were observed. These findings favor the idea that, at least in our sample of associator synesthetes, the structural basis is not modality specific but distributed both at the cortical and subcortical level. The nonparametric statistical approach allows restricted inference about other populations. However, the data provided here will be useful for a better definition of the synesthetic experience, as it provides new insight into the neural basis of the still insufficiently explored but critical emotional component of synesthesia.
